

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Waste	management		 N/A	 N/A	 UK	Statics	on	Waste	Report	
Materials	 Provided	by	the	manufacturer	 ecoinvent	3.2	 N/A	
Use	 N/A	 N/A	 Referred	the	relevant	studies	
Transport	 Suggested	by	the	product	manufacturer		 ecoinvent	3.2	(vehicle	emissions)	 N/A	
	
Table	3.2.	Data	source	and	their	quality	level	for	the	shampoo	product	










Waste	management		 N/A	 ecoinvent	3.2	 N/A	
Materials	 Provided	by	the	manufacture	 ecoinvent	3.2	 N/A	














































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































 Human health - total Ecosystems – total Resource - total 
SimaPro 0.234 Pt 0.001 Pt 5943.219 Pt 



























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Pt	 0.5997	 0.3134	 0.5779	 1.491	
Steel,	low-alloyed	{GLO}|	market	




Pt	 0.3909	 0.2006	 0.5814	 1.1729	
Packaging	 Pt	 0.1396	 0.7033	 0.1865	 1.0294	
Injection	moulding	{RER}|	
















Pt	 0.0183	 0.0102	 0.021	 0.0496	
	 Pt	 	 	 	 5.3787	
	
9.4.2.4.	Interpreting	the	analytical	results	
As	the	End	of	Life	and	Distribution	share	relatively	small	negative	impacts	(3.85%,	0.2155	Pt)	
in	the	life	cycle	of	the	raised	access	floor	system,	the	target	of	design	improvement	should	
be	placed	at	the	Materials	(56.13%,	3.13	Pt).	The	following	strategies	are	created	to	achieve	
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this	objective	through	exploring	the	findings	of	the	LCIA:	
	
Table	9.6	shows	the	mass	of	negative	impacts	caused	by	the	main	flows	within	the	three	
environmental	impact	categories,	which	could	be	used	as	benchmarking	values	in	the	next	
iterations	of	design.	For	example,	in	the	case	of	investigating	alternative	main	materials,	the	
total	mass	(5.3787	Pt)	of	negative	impacts	can	be	used	as	the	key	benchmarking	value	to	
examine	the	potential	material’s	environmental	performance.		
	
The	Materials	has	the	most	negative	impacts,	and	the	Distribution	stage	has	the	smallest	
negative	impacts,	which	is	consistent	with	the	analytical	results	offered	by	SolidWorks	2015	
in	the	conceptual	design	phase.	It	shows	the	design	improvement	strategy	on	reducing	the	
mass	of	materials	is	correct,	and	in	order	to	achieve	further	design	improvement,	the	design	
on	the	ribs	and	rectangles	of	floor	panel	could	be	elaborated,	for	example,	reducing	the	
thickness	of	ribs,	or	increasing	the	depth	of	each	rectangles.		
	
Glass	fibre	reinforced	plastics	have	the	most	negative	impacts	among	all	the	materials,	
therefore	the	alternative	improvement	strategy	is	to	select	the	SMC	composites	with	low	
glass	fibre	and	polyvinylchloride	in	the	SMC	formulation,	or	to	reduce	the	percentages	of	
Nylon	6-6	in	the	glass	fibre	formulation,	which	contributes	the	highest	impacts	(21.2%)	as	
shown	in	Figure	9.7.	
	
The	Injection	moulding	process	causes	the	highest	negative	impacts	among	all	the	
production	processes,	so	an	improvement	strategy	would	be	to	cut	the	overall	moulding	
cycle	time,	and	improve	the	mould	speed.		
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It	will	be	necessary	to	evaluate	the	proposed	design	improvement	strategies,	in	order	to	test	
whether	they	can	be	implemented	without	compromising	the	physical	properties	required	
by	the	PDS,	regulations	and	standards	(e.g.	fire	resistance,	strength).	For	example,	although	
the	recycling	performance	of	SMC	is	low,	other	possible	alternative	materials	are	required	to	
meet	the	fire	resistance	requirements.	
		
The	Sustainable	Flooring	Product	Development	project	(No.	2015DFA51330),	is	an	ongoing	
project,	and	diverse	materials	with	different	structures	have	also	been	proposed	to	design	
the	raised	access	floor	system,	for	example,	paper	core	encapsulated	by	composite	
materials,	balsa	chipboard	encapsulated	by	composite	materials,	and	foam	core	
encapsulated	by	composite	material.	The	LCA	will	be	used	to	evaluate	the	environmental	
performance	of	all	these	design	solutions,	and	the	solution	with	the	lowest	environmental	
performance	would	be	commercialised	in	the	European	market.	
	
9.5.	Prototyping	and	testing	
In	this	phase,	the	prototype	of	the	raised	access	floor	system	was	tested	and	analysed	to	
confirm	that	the	final	real	product	could	meet	the	PDS,	and	pass	all	the	tests	identified	in	
the	conceptual	and	detail	design	phases,	which	include	fire	and	strength	tests.	The	
prototype	of	the	raised	access	floor	system	is	shown	in	Figure	9.8.	The	fire	safety	test	must	
be	conducted	under	controlled	conditions,	and	by	an	external	fire	safety	test	company,	
which	is	not	reported	in	this	study.		
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Figure	9.8.	The	prototype	of	the	raised	access	floor	product	system	(left)	and	the	back	of	the	
floor	panel	(right)	
	
	
9.5.1.	Finite	Element	Analysis	(FEA)	
Finite	Element	Analysis	is	the	laboratory	method	examining	strength	performance,	and	
SolidWorks	2015	is	selected	to	assess	the	strengthen	performance	of	the	product	in	this	
phrase.	The	finite	element	methods	used	for	examining	the	raised	access	floor	system	is	a	
static	and	a	linear	system	so	that	the	linearity	of	relationship	between	the	force	and	
deflection	of	the	floor	system	can	be	identified.	The	finite	element	method	worked	by	
breaking	the	computer	model	of	the	raised	access	floor	system	into	smaller	elements	
through	the	use	of	nodes	and	elements.	Physical	and	geometric	properties	are	allocated	to	
the	elements,	and	loads	and	displacements	are	applied	to	the	nodes.	
	
Two	key	indicators	of	FEA	strength	simulation	are	max	yielding	stress	and	max	deformation.	
In	terms	of	the	‘Maximum	yielding	stress	criterion’,	also	called	‘Maximum	distortion	energy	
theory’,	a	flooring	product	starts	to	yield	at	a	location	when	the	maximum	yielding	stress	
becomes	equal	to	the	yielding	strength,	which	is	used	as	the	stress	limit.	For	the	flooring	
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product	developed	in	this	project,	the	yielding	strength	is	obtained	according	to	the	physical	
properties	of	the	floor	panel	and	stringer.	The	maximum	yielding	stresses	of	the	panel	and	
stringer	are	required	to	be	less	than	94MPa	and	250MPa,	respectively,	while	the	maximum	
deformation	of	the	panel	and	stringer	should	be	lower	than	2.5mm.	According	to	the	
requirements	of	British	Standards	BSEN	12825:2001	(BSI	2001)	and	Platform	Floors	(Raised	
Access	Floors)	Performance	Specification	(PSA	Specialist	Services	1990),	3000	N	and	6000	N	
working	loads	are	required	to	place	on	the	central	and	edge	of	the	floor	system.		
	
As	Figure	9.9.	-	Figure	9.13.	show,	all	the	deformation	values	are	less	than	2.5	mm	with	3000	
N	loading	forces	on	the	central	and	edge	of	the	panel	and	stringer,	which	satisfy	the	flooring	
product’s	deformation	criteria	of	Class	A,	as	defined	by	the	British	Standard	requirements.	
Therefore,	under	300	N	of	working	load,	the	designed	flooring	product	is	able	to	work	
properly	within	the	scope	of	elastic	deformation.		
Figure	9.9.	Max	yielding	stress	for	the	floor	panel	and	stringer	with	loading	3000N	force	at	
the	central	panel	
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Figure	9.10.	Max	deformation	for	the	floor	panel	and	stringer	with	loading	3000N	force	at	
the	centre	panel	
	
Figure	9.11.	Max	yielding	stress	for	the	floor	panel	and	stringer	with	loading	3000N	force	at	
the	outer	edge	of	panel	
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Figure	9.12.	Max	deformation	for	the	floor	panel	and	stringer	with	loading	3000N	force	at	
the	outer	edge	of	panel	
	
As	Figure	9.13	shows,	under	6000	N	of	ultimate	working	load,	the	maximum	yielding	stress	
and	maximum	deformation	of	the	panel	and	string	exceed	the	criteria	of	strength	and	
deformation	for	the	flooring	products,	therefore	the	floor	panel	will	be	broken	down.	
Figure	9.13.	Max	yielding	stress	and	deformation	for	the	floor	panel	and	stringer	with	
loading	6000N	force	at	the	outer	edge	of	panel	
	
	
9.6.	Strategies	for	supporting	sustainable	manufacturing		
Having	completed	the	theoretical	test	with	FEA,	the	design	of	the	raised	access	floor	system	
will	meet	the	regulations,	standards	and	PDS	that	have	been	incorporated	in	the	conceptual	
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and	detailed	design	phases.	Therefore,	the	flooring	product	will	be	produced	by	the	project	
partner.	In	order	to	achieve	the	sustainable	production,	the	following	recommendations	
have	been	made	according	to	the	findings	that	are	identified	in	the	detailed	LCA,	conceptual	
and	detail	design	phases:	
• Avoid	unnecessary	heating	time.	
• Simplify	the	manufacturing	process	and	use	fewer	processes,	in	order	to	reduce	
energy	consumption	and	waste.	
• Establish	the	recycle	system	for	pedestal	units	and	stringer,	and	provide	information	
about	how	and	where	to	dispose	of	the	product.	
• Increase	the	reuse	rate	of	the	wood	pallet.	
• Use	local	suppliers	in	order	to	reduce	the	impacts	caused	by	the	distribution	of	the	
product.	
• Implement	a	long-term	warranty.	
• Register	with	an	Environmental	Management	System	(EMAS	or	ISO	14001)	to	
improve	environmental	performance	of	the	company’s	main	activities.	
	
9.7.	Summary	
This	chapter	introduces	a	theoretical	framework	demonstrating	the	LCA	oriented	product	
development	methodology.	The	novelty	of	this	proposed	methodology	lies	in	utilising	LCA	
analytical	results	as	benchmarking	values	to	examine	environmental	performance	in	the	
design	iterations,	and	distilling	LCA	findings	into	methods	and	strategies	to	reduce	the	
negative	environmental	impacts	and	improve	resource	efficiency	in	the	production	process.	
	
This	methodology’s	feasibility	and	functionality	is	examined	through	designing	a	successful	
sustainable	raised	access	flooring	product,	and	the	whole	design	process	is	reported	in	this	
chapter.	The	floor	panel	has	been	designed	with	same	size	squares,	which	achieve	44%	
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weight	reduction	compared	with	the	traditional	raised	access	floor	panel.	The	prototype	
passed	the	strength	test	and	met	environmental	requirements	stipulated	by	the	regulations	
and	standards	on	manufacturing	floor	products	in	the	EU	and	UK	market.	ReCiPe	
methodology	and	SimaPro	software	are	adopted	to	evaluate	the	life	cycle	environmental	
performance	of	the	flooring	product,	the	results	of	which	show	that	the	major	negative	
impacts	are	related	to	the	SMC	material	and	moulding	process.	
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Chapter	10:	Conclusions	and	future	research	
10.1.	Contributions	of	this	research	project	
Contribution	to	LCA	technology	
This	thesis	presents	the	investigations	on	three	major	domains	of	LCA:	methodologies,	
software,	and	database.	The	characteristics	of	almost	all	the	existing	LCA	methodologies	are	
examined	and	presented	in	this	study,	which	not	only	include	the	well-established	CML,	and	
ReCiPe,	but	also	cover	the	emerging	methodologies	and	initiative:	IMPACT	World+,	LC-
Impact,	PEF.	Moreover,	the	environmental	impact	categories	at	midpoint	and	endpoint	level	
are	reviewed	to	build	the	selection	rules.	Responding	to	the	study	objective	which	
emphasises	to	develop	a	new	web	LCA	service	system	beyond	the	desktop	operating	
environment,	critical	review	is	carried	out	to	investigate	the	advantages	and	drawback	of	the	
existing	LCA	related	software	and	systems.	The	findings	of	this	review	not	only	clarify	the	
ecosystems	of	LCA	tools,	but	also	identify	the	major	theoretical	and	practical	challenges	for	
LCA	practices,	which	include	LCI	data	gathering	and	management,	flexible	and	efficient	
calculations,	etc.		
	
One	of	the	key	novelties	of	this	research	is	that	the	product	environmental	performance	
assessment	solution	and	its	implemented	LCA	service	platform,	which	has	the	capacity	to	
support	the	gathering	of	primary	life	cycle	data,	management	of	LCI	data,	and	high	efficient	
LCA	based	calculation.	The	core	component	of	this	platform,	web	based	product	assessment	
system,	is	the	first	tool	performing	the	powerful	and	flexible	LCA	calculation	across	web	and	
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mobile	platforms.	In	addition,	other	support	applications	describe	a	new	scenario	to	address	
challenges	involved	with	environmental	performance	assessment.	The	proposed	database	
structure	is	also	a	novel	study	that	clarifies	the	SQL	format	database	for	LCA,	as	the	existing	
professional	LCA	application	still	rely	on	the	database	technologies	adopted	in	the	context	of	
desktop	operating	environment.	The	developed	SQL	database	structure	is	of	significance	for	
the	integrated	solution	addressing	product	environmental	performance	evaluations.		
	
Contribution	to	product	development	methodology	
Beneficial	with	the	outcomes	of	sustainable	production	support	toolbox,	a	LCA	oriented	
product	development	methodology	is	proposed,	which	specifies	the	functions	and	role	of	
each	LCA	tool	in	the	product	development	process.	This	methodology	systematically	
addresses	the	research	gap	that	there	has	not	been	an	effective	approach	to	integrate	LCA	
technologies	throughout	the	entire	product	development	process.	Moreover,	within	the	
context	of	sustainable	production,	the	attributes,	compulsory	and	voluntary	schemes	of	the	
EU	regulations	and	directives	are	discussed,	and	integrated	into	the	propped	methodology,	
proving	the	methodology	is	a	holistic	approach	to	support	sustainable	product	development.		
	
Contribution	to	product	sustainability	enhancement	
The	two	LCA	practices	demonstrate	two	different	application	scenarios	of	LCA	within	the	
context	of	sustainable	production.	Using	LCA	to	develop	the	sustainable	flooring	product	
proves	that	the	LCA	results	can	be	used	as	benchmarking	values	in	iterations	for	design	
optimization	and	materials	selection,	or	comparison	of	design	solutions.	Assessing	the	
environmental	performance	of	shampoo	product	with	LCA	identifies	the	pollution	root	of	
manufacturing	process,	which	would	be	helpful	for	companies	to	create	strategies	to	reduce	
Chapter	10:	Conclusions	and	future	research	
		
	
	 189	
emissions	and	improve	resource	efficiency	at	the	production	level,	additionally,	the	data	of	
shampoo	product	is	directly	from	the	manufacturer,	which	are	of	significance	for	future	
study	related	to	assessing	environmental	impact	of	shampoo	products.	Moreover,	the	
analytical	results	are	easy	to	be	applied	in	elaboration	of	tailed	improvement	strategies	for	
main	activities	of	sustainable	production,	which	would	not	only	enhance	product	
sustainability,	but	also	enable	the	adopted	companies	to	lower	environmental	impacts	and	
increasing	of	their	competitiveness	with	respect	to	other	suppliers,	manufacturers	and	any	
other	involved	stakeholders.	
	
10.2.	Limitations	of	this	research	project		
The	limitations	of	this	study	have	been	explained	throughout	the	thesis.	However,	there	are	
a	few	more	limitations	which	need	to	be	discussed	and	clarified,	which	are	presented	as	
follows.	
	
The	proposed	Sustainable	Production	Support	Toolbox	including	the	LCA	technologies,	
standards	of	environmental	management	system,	and	the	EU	regulations	and	directives,	
which	are	all	updated	in	a	regular	time	period,	particularly,	the	regulations	and	directives	
usually	have	a	variety	of	amendments.	It	is	not	possible	to	include	all	the	latest	versions	of	
these	tools	in	this	toolbox,	in	order	to	elaborate	the	benefits	of	these	regulatory	rules,	users	
are	suggested	to	refer	for	the	framework	and	rationale	that	are	presented	in	the	
demonstrated	methodologies	for	developing	sustainable	flooring	product.		
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The	proposed	solution	and	its	implementing	LCA	service	platform	has	been	designed	
considering	the	emerging	business	and	technology	demands.	In	order	to	extend	this	solution	
into	a	practical	level,	some	points	at	the	micro	level	are	still	needed	to	discuss,	e.g.	clarifying	
product	process	boundary;	designing	allocation	rules	for	input	and	out	flow	associated	with	
resources	utilisation	and	emission.	At	the	business	level,	improving	the	reliability	and	
credibility	of	the	calculation	results	is	a	challenge	to	address.	For	example,	the	finalised	
results	possibly	vary	with	the	same	type	products	among	different	batches,	under	this	
circumstance,	how	to	address	the	difference	or	convince	consumers	to	trust	the	originality	
of	those	figures,	which	are	required	to	discuss	for	implement	practical	solutions.	
	
The	LCA	service	platform	is	developed	and	tested	under	a	research	level,	and	more	tests	
reflecting	the	real	application	scenario	are	required	to	conduct	in	order	to	improve	the	
efficiency	and	performance	of	this	platform.	The	possible	tests	include:	business	users	
record	and	input	data,	and	import	and	export	the	LCI	data;	consumer	users	retrieve	product	
data	or	calculation	results,	and	implement	the	results	comparison.		
	
For	the	LCA	of	shampoo	product,	analysis	of	sub-sectors	is	not	implemented	in	this	study	
due	to	the	data	limitations	to	provide	more	accurate	figures	describing	of	the	impacts	from	
the	whole	shampoo	industry.	Moreover,	different	recycling	targets	for	various	packaging	
wastes	have	been	adopted	in	this	practice,	which	are	used	to	model	environmental	impacts	
of	packaging	recycling	performance.	The	adopted	recycling	level	range	from	2.7%	up	to	
46.6%	varying	on	the	material	type,	and	these	figures	are	provided	by	the	UK	DEFRA	in	the	
2016	report	‘UK	Statistics	on	Waste’.	However,	the	methodology	of	obtaining	these	figures	
are	not	validated	in	this	study	as	it	is	not	disclosed,	and	it	is	challengeable	if	sufficient	
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capacities	are	applied	to	recycle	or	reuse	those	wastes.		
	
10.3.	Future	research	
According	to	the	nature	of	this	research,	a	number	of	ideas	for	future	research	work	is	of	
significance	for	introducing.	The	following	suggestions	are	created	with	the	aim	of	improving	
the	relevant	works	at	methodological	and	practical	level.	
	
Currently,	other	types	of	data	sources	cannot	be	integrated	into	the	system	because	the	
heterogeneity	issue.	Some	legacy	systems	which	involve	other	types	of	databases	or	existing	
queries	are	widely	used	in	industries.	Therefore,	it	is	worth	to	further	develop	LCI	
management	system	in	order	to	enable	it	to	integrate	other	types	of	data	sources.	A	possible	
method	is	that	data	in	other	data	models	are	interpreted	into	relations.	Then	re-programme	
schemas	for	these	relations,	and	store	them	into	the	meta-database	with	additional	
information	such	as	whether	the	relation	is	an	existing	data	in	other	data	model,	and	
information	describing	the	access	method.		
	
There	is	an	increasing	demand	to	apply	commercial	cloud	platform	to	deliver	this	type	of	
software/application	based	service,	because	this	commercial	cloud	platform	performs	a	
more	stable	operating	environment	with	reasonable	charges.	It	is	meaningful	to	explore	how	
to	deploy	this	LCA	service	related	system	and	applications	in	the	commercial	cloud	
platforms,	in	order	to	achieve	the	scalability	of	these	developed	LCA	services.		
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This	study	uses	the	indicators	of	ReCiPe	methodology	to	demonstrate	how	the	solution	
works	within	the	context	of	transition	towards	a	resource-efficient	economy	and	sustainable	
production,	but	the	proposed	technical	elements	also	have	the	ability	to	cope	with	any	
other	chosen	indicators	in	the	future,	such	as	those	suggested	within	the	PEF	initiative.	
Furthermore,	the	developed	solution	aims	to	achieve	multi-objective	evaluation	that	
considers	the	economic,	and	social	performance	at	the	level	of	product	life	cycle,	therefore,	
the	feasible	performance	indicators	are	required	to	investigate.		
	
10.4.	Conclusions	
This	research	introduces	a	novel	integrated	solution	to	assess	product	environmental	
performance	at	the	level	of	product	life	cycle,	value	chain	and	consumption	of	individuals.	
This	solution	not	only	presents	a	new	scenario	addressing	environmental	impact	evaluation,	
but	also	provides	a	new	approach	and	application	gathering	high	quality	data	for	improving	
accuracy	for	LCA.	With	the	analysis	and	interpretation	of	gathered	data,	companies	can	
improve	resource	efficiency	and	social	corporate	performance	at	the	level	of	raw	material	
selection,	production,	distribution,	and	recycle	phrase,	in	order	to	strengthen	their	
competitiveness.		
	
The	implementation	of	the	integrated	solution	is	achieved	by	a	LCA	service	platform,	and	the	
required	services	are	provided	by	a	set	of	developed	software/applications.	The	LCA	service	
based	platform	has	been	developed	by	adopting	the	SOA	framework	to	demonstrate	a	novel	
solution	to	deliver	advanced	LCA	service	through	web	and	mobile	application	platforms,	
which	enhances	the	LCA	service	performance	into	a	more	practical	level.	The	core	function	
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of	this	platform,	the	web	based	environmental	impact	calculation,	is	validated	by	conducting	
LCA	on	the	shampoo	product.	The	calculation	results	successfully	prove	that	the	designed	
system	services	meet	the	requirements	of	LCA	practices.		
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Appendices	
Appendix	1.	Part	code	of	the	Python	script	for	extracting	EcoSpold	1	datasets	
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Appendix	2.	Mapping	table	for	data-bridging	GUI	application	to	generate	EcoSpold1	file	
Legends	for	the	mapping	table		
• Green	columns	represent	compulsory	data	elements	for	the	LCA	calculations		
• Orange	columns	represent	data	types	proceeded	in	the	back	end	of	the	GUI	
• Cells	with	square	brackets	indicate	the	value	will	be	a	constant	number.	For	instance,	
‘[2]’	represent	the	value	will	be	fixed	to	2.	
• A	cell	of	a	pair	of	round	brackets,	the	activity	is	proceeded	via	code	and	not	displayed	
to	the	user.	For	example,	‘(Today’s	date)’	indicates	today’s	date	will	be	generated	
automatically	for	the	value.	
• Cells	without	any	bracket	are	required	to	input	by	users,	which	are	indicated	in	the	
right	section	coloured	by	dark	blue.	For	instance,	‘localName’	is	the	relevant	field	in	
the	EcoSpold	file.	It	is	the	local	name	of	product	and	needs	to	be	input	by	user	in	the	
client	interfaces	
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Appendix	3.	Part	code	for	showing	the	JNI	to	implement	the	HPCL	
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Appendix	4.	An	example	for	showing	the	FlowExport	API	
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Appendix	5.	An	example	for	showing	RefDataExport	API	
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Appendix	6.	ERD	for	the	database	of	the	web	based	product	environmental	performance	
evaluation	system		
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